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Abstract: We surveyed the Spitskop syenite pipe, one of the satellite bodies of the
Phalaborwa Carbonatite Complex located in northeastern Transvaal, South Africa.
This pipe is composed of the inner cumulus syenite and outer ring syenite. The
brecciation zone between these syenites includes many blocks of syenite, pyroxenite,
melanocratic rock, biotite gneiss and granitic rocks. Dolerite dykes intruded into the
plug and brecciation zone. Fine- and coarse-grained syenites, melanocratic rock,
alkali-feldspar granite and dolerite were collected from the brecciation zone of this
pipe. The whole-rock and mineral chemistry suggests that syenites and melanocratic
rocks of the brecciation zone were derived from the inner cumulus syenite magma.
These rocks do not indicate any clear isochron. It may be a result of mixing of various
rocks at the brecciation stage.
key words: mineral chemistry, whole-rock chemistry, syenites, Phalaborwa, South
Africa
+. Introduction
In the Phalaborwa Carbonatite Complex located in northeastern Transvaal, South
Africa, there is a worldfamous Cu deposit. Copper sulphides, magnetite, baddeleyite,
apatite and uranoan thorianite have been mined from this deposit. Minor Ni, Au, Pt
group metals, Ag, Se, Te, Th and U are also recovered from this complex.
The geology of the Phalaborwa Carbonatite Complex has been well studied because
of its high economic interest. Numerous geological, petrological, mineralogical and
chronological reports have been presented for the clinopyroxenites, phoscorites and
carbonatites composing the main complex (e.g. Hall, +3+,a, b; Shand, +3-+; Hanekom
et al., +30/; Palabora Mining Company, +310; Eriksson, +32., +323; Reischmann,
+33/). In contrast, the syenites that surround the main complex and appear as pipes
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have not been studied extensively, and therefore, there are few reports about the satellite
bodies.
We had an opportunity to survey the Spitskop syenite pipe (Fig. +), one of the
satellite bodies, during a JapanSouth Africa collaborative geological survey in August
+332. In this pipe, various rocks are included in syenite, and investigation of the ﬁeld
occurrences and petrological relationships of those rocks would give us a key to
understand magmatic processes of the Phalaborwa Carbonatite Complex.
In this paper, we report the ﬁeld occurrence, petrography, mineral and whole-rock
chemistry, Sr and Nd isotopic compositions of syenites and related rocks from this
syenite pipe.
,. Geological setting
The Phalaborwa Carbonatite Complex was formed by continuous intrusion of
pyroxenite, syenite, ultramaﬁc pegmatites and carbonatite into an Archaean terrain of
Fig. +. Generalized geological map of the Phalaborwa Carbonatite Complex, South Africa (after
Eriksson, +32.) with sample locality.
Jo: Johannesburg.
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granites, gneiss, quartzites, granulites, amphibolites, and talc and serpentine schists
(Hall, +3+,a, b; Shand, +3-+; Hanekom et al., +30/; Palabora Mining Company, +310;
Eriksson, +32.). The main complex is an elongated pipe-like body with widths of
about 0./ km north to south, and about ,./ km east to west (Fig. +). Satellite bodies
are concentrated on or near the periphery of the main complex, but some occur away
from the main complex, several kilometers to the northeast and northwest. They form
pipe-like bodies, and crop out as conspicuous bare rock studs and coniform hills (Fig.
,). These intrusions range from homogeneous rock bodies to highly brecciated bodies
with multiple intrusions. The breccias are interpreted as forming at the upper part of
the intrusion with passive inﬁlling of magma lower in the pipe. The rock types of
satellite bodies include feldspathic pyroxenite, peralkaline syenite, peralkaline quartz
syenite, peralkaline granite and trachyte. The texture and grain size of the syenite vary
considerably from ﬁne-grained types through porphyritic to pegmatitic types.
According to Eriksson (+323), at the Spitskop pipe, brecciation is limited to a +,
m thick zone between an outer syenite forming a low rise above the general landscape
and the vertical syenite pipe. A schematic diagram of this pipe is shown in Fig. -.
The outer syenite is peralkaline quartz syenite enclosing the pipe. Syenite, made up of
acicular aegirine poikilitically enclosed in microcline, grades inward to a peralkaline
quartz syenite. A distinctive ﬂow structure is marked in the peralkaline quartz syenite
by tabular crystals of orthoclase. Northeast-southwest trended dolerite dykes of vari-
ous sizes have intruded into the main complex and satellite bodies.
It is thought that the timing of magmatism of the Phalaborwa Carbonatite Complex
is about ,***Ma, on the basis of an Rb-Sr isochron age of ,*+,+3Ma on phlogopites
(Eriksson, +32.), and an U-Pb age between ,*.1 and ,*0+Ma (Eriksson, +32.; Heaman
and LeCheminant, +33-; Reischmann, +33/; Horn et al., ,***). Furthermore, based
on the initial Sr isotopic ratios, it was shown that at least two sources produced magmas
forming the carbonatites and pyroxenites of this complex (Eriksson, +32.). It is
thought that the timing of activity of the dolerite dykes is about +3**Ma (Briden, +310)
Fig. ,. Field occurrences of the syenite pipes.
A: The syenite pipe where samples were taken for this study. The stud part is inner syenite
pipe, and the gentlysloping part is outer ring syenite. The bushes surrounding the plug are
./m in height.
B: The syenite pipes located north of surveyed pipes.
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based on palaeomagnetic data. More detailed work of Briden conﬁrms that most
cross-cutting dykes in the Phalaborwa Complex are Precambrian (Palabora Mining
Company, +310; Eriksson, +323).
-. Field occurrence and petrography
We carried out a detailed survey at the brecciation zone between the outer ring
syenite and inner cumulus syenite in a syenite plug of the Spitskop pipe (Figs. ,A, -).
Similar syenite pipes are located north of the surveyed pipe (Fig. ,B). At the breccia-
tion zone, many blocks of syenites, melanocratic rock, pyroxenite, biotite gneiss and
granitic rocks are observed (Fig. .). Most of the inclusions have breccia-like shapes,
and boundaries between matrices are clear (Fig. .). A dolerite dyke has intruded into
the syenite (Fig. -); it looks like a dark gray band in the rock stud of Fig. ,. Syenite
is divided into ﬁne-grained and coarse-grained syenites, based on the grain size of
phenocryst minerals (Fig. .). Because they are locally brecciated, the relationship is
not clear. The matrices of blocks are ﬁne-grained syenite, medium-grained syenite and
melanocratic rock. We collected ﬁne-grained syenite, coarse-grained syenite,
melanocratic rock, alkali-feldspar granite and dolerite from this plug (Fig. ,A). But
we did not collect pyroxenite.
The ﬁne-grained syenite is characterized by porphyritic texture (Fig. /). It con-
sists of alkali-feldspar, quartz, clinopyroxene, amphibole, and accessory titanite, opaque
minerals, apatite, zircon and monazite. This syenite has a modal composition of
alkali-feldspar syenite (Fig. 1). Phenocrystic alkali-feldspar is euhedral to subhedral,
up to .mm in diameter. It contains inclusions of clinopyroxene and amphibole.
Alkali-feldspar in the matrix is subhedral to anhedral, up to *./mm in diameter.
Quartz grains are anhedral and less than *.2mm in diameter. They contain inclusions
of clinopyroxene and amphibole. Some quartz crystals show wavy extinction. Yel-
lowish green to yellowish brown clinopyroxene is euhedral to anhedral, up to ,mm in
diameter, and occupies the intercrystalline space of alkali-feldspar with quartz and
amphibole. Amphibole is bluish green to yellowish brown, euhedral to anhedral and up
Fig. -. Schematic diagram of the Spitskop syenite pipe.
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to +./mm in diameter. It contains clinopyroxene inclusions.
The coarse-grained syenite is alkali-feldspar syenite to alkali-feldspar quartz syenite
(Fig. 1), with porphyritic texture (Fig. /). It consists mainly of alkali-feldspar,
quartz, clinopyroxene, amphibole, and accessory titanite, opaque minerals, apatite,
rutile, zircon and monazite. Phenocrysitic alkali-feldspar is euhedral to subhedral, up
to 1mm in diameter; and that in the matrix is subhedral to anhedral, up to +./mm in
diameter. It contains inclusions of clinopyroxene and amphibole. Quartz grains are
anhedral and less than +.,mm in diameter. Some quartz crystals show wavy extinc-
tion. Yellowish green to yellowish brown clinopyroxene is euhedral to anhedral up to
Fig. .. Photographs showing the modes of occurrence of the syenites and related rocks.
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Fig. /. Photomicrographs of syenite, melanocratic rock and alkali-feldspar granite.
Afs: alkali-feldspar, Pl: plagioclase, Qtz: quartz, Cpx: clinopyroxene, Amp: amphibole.
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-./mm in diameter, and occupies the intercrystalline space of alkali-feldspar with quartz
and amphibole. Amphibole is bluish green to yellowish brown, euhedral to anhedral
and up to ,mm in diameter.
The melanocratic rock consists of clinopyroxene, amphibole, alkali-feldspar, quartz
and accessory titanite, opaque minerals, zircon and monazite, with a porphyritic texture
(Fig. /). The modal composition of this rock is alkali-feldspar syenite to alkali-
feldspar quartz syenite (Fig. 1). Its maﬁc mineral content is higher than /*. Yel-
lowish green to yellowish brown clinopyroxene is euhedral to anhedral up to 0mm in
diameter. Amphibole is bluish green to yellowish brown, euhedral to anhedral and up
to ,mm in diameter. It occupies the intercrystalline space of clinopyroxene and
alkali-feldspar with quartz. Phenocrysitic alkali-feldspar is euhedral to subhedral, up
Fig. 0. Photomicrographs of dolerite.
Pl: plagioclase, Cpx: clinopyroxene, Hbl: hornblende, Opq: opaque minerals.
Fig. 1. Modal quartz (Qtz) plagioclase (Pl) alkali-feldspar (Afs) and maﬁc minerals (Mf) plagio-
clase quartzalkali-feldspar diagrams of the syenite, melanocratic rock and alkali-feldspar
granite.
+: alkali-feldspar syenite, ,: alkali-feldspar quartz syenite, -: alkali-feldspar granite, .:
granite.
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to 1mm in diameter, and poikilitically contains inclusions of clinopyroxene and amphi-
bole. Alkali-feldspar in the matrix is subhedral to anhedral, up to *.2mm in diameter.
The former quartz grains are anhedral and less than +mm in diameter. Some quartz
crystals show wavy extinction.
The alkali-feldspar granite is alkali-feldspar granite to granite (Fig. 1), with a
porphyritic texture (Fig. /). It consists mainly of alkali-feldspar, quartz and plagio-
clase with accessory amphibole, clinopyroxene, biotite, opaque minerals, zircon, apatite
and titanite. Phenocrysts consist of alkali-feldspar, plagioclase and quartz. Alkali-
feldspar is subhedral to anhedral, up to ,./mm in diameter. It contains inclusions of
clinopyroxene and quartz. Quartz is anhedral up to ,mm in diameter, most of it
occupies intercrystalline space. Quartz shows wavy extinction. Plagioclase is sub-
hedral to anhedral up to ,./mm in diameter. Myrmekite is formed between plagioclase
and alkali-feldspar. Amphibole is bluish green (to pale yellowish brown), subhedral to
anhedral and up to *./mm in diameter. Clinopyroxene is yellowish green, subhedral to
anhedral up to *./mm in diameter. Dark reddish brown biotite ﬂakes occur as
euhedral to anhedral crystals *.,*./mm in diameter.
Major constituent minerals of the dolerite are plagioclase, clinopyroxene and
hornblende with accessory opaque minerals (Fig. 0).
.. Mineral chemistry
..+. Analytical procedures
Minerals were analyzed using an electron microprobe with a wavelengthdispersive
X-ray analytical system (JEOL JXA-22**M) at the National Institute of Polar Re-
search. Oxide ZAF correction was applied in the analysis. All analyses were
performed under accelerating voltage of +/ kV and specimen current of +, nA. Elec-
tron beam diameter was set at +*+/mm to minimize migration of alkaline components
during the analyses. Natural minerals and synthetic oxides were used as standards.
Mineral compositional data are presented in Appendixes +, ,, - and ..
..,. Clinopyroxene
Clinopyroxenes from syenites and melanocratic rock are aegirine, with very low
contents of diopside and hedenbergite components. Chemical compositions of
clinopyroxenes are almost constant irrespective of rock facies.
..-. Amphibole
Amphiboles from syenites and melanocratic rock are magnesioriebeckite. Fe/Mg
ratios of magnesioriebeckites from the coarse-grained syenite are higher than those from
the ﬁne-grained syenite, and vary widely (Fig. 2). Magnesioriebeckites from the
melanocratic rock indicate Fe/Mg ratios lower than those in the ﬁne-grained syenites,
with partial overlap.
.... Alkali-feldspar
Alkali-feldspars are chemically homogeneous. In addition, they are nearly uni-
form irrespective of rock facies. Most alkali-feldspars do not show compositional
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zonation.
../. Plagioclase
Plagioclases from the alkali-feldspar are albite, having very low anorthite (An)
contents. They do not show compositional zonation.
/. Whole-rock chemistry
/.+. Analytical procedures
The major and trace element concentrations of samples were analyzed using the
XRF (RIGAKU ZSX+**e) at Fukuoka University by the method of Yuhara and
Taguchi (,**-). Their chemical compositions are given in Table +.
Isotopic separation was performed at Saga University using the experimental
procedure of Kawano et al. (+333). Isotopic analyses were performed on the thermal
ionization mass spectrometer (MAT,0,) equipped with nine dynamic faraday cups at
Niigata University. 21Sr/ 20Sr ratios and +.-Nd/ +..Nd ratios were normalized to 20Sr/
22Sr*.++3. and +.0Nd/ +..Nd*.1,+3, respectively. The normalized 21Sr/ 20Sr ratios
were corrected using the NBS-321 standard of 21Sr/ 20Sr*.1+*,.+. The +.-Nd/ +..Nd
ratios were corrected with the Japanese standard JNdi-+ (Nd isotopic reference of the
Geological Survey of Japan) of +.-Nd/ +..Nd*./+,+*0, which was well-documented
using the international standard La Jolla of +.-Nd/ +..Nd*./++2.3 (Tanaka et al.,
,***). Sm, Nd, Rb and Sr concentrations were determined by an isotope dilution
method using 21Rb- 2.Sr and +.3Sm- +./Nd mixed spikes. Rb-Sr and Sm-Nd isochron ages
and initial Sr and Nd isotope ratios were calculated by the computer program of
Kawano (+33.) which used the equation of York (+300) and the decay constants of
l21Rb+..,+*++/y (Steiger and Ja¨ger, +311) and l+.1Sm0./.+*+,/y (Lugmair
and Marti, +312). Analytical errors for 21Rb/ 20Sr and 21Sr/ 20Sr ratios were *./ (+s)
and *.*+ (+s) and that for +.1Sm/ +..Nd and +.-Nd/ +..Nd ratios were *.+ (+s) and
*.*+ (+s), respectively. Detailed isotopic analytical procedures were reported by
Miyazaki and Shuto (+332). The Rb-Sr and Sm-Nd isotopic data are given in Table ,.
Fig. 2. Fe/Mg ratios of amphiboles in the syenites and melanocratic rock.
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/.,. Major and trace elements
The SiO, content of the ﬁne-grained syenite ranges from 0,.+wt to 0..*wt, and
that of the coarse-grained syenite ranges from /3.0wt to 0,.3wt (Table +). The
melanocratic rock has SiO, content ranging from /1./wt to 0*..wt. The SiO,
content of the alkali-feldspar granite is about 1..+wt. The dolerite has SiO, content
of .3.0wt. Major and trace element variations are illustrated in Harker diagrams
(Figs. 3, +*). The melanocratic rock has higher FeO*, MgO, Na,O, Cr, Ni, Sr, V, Y,
Zn contents, and lower Al,O-, K,O, Rb contents than those of the ﬁne- and coarse-
grained syenites, which have nearly the same SiO, contents (Figs. 3, +*). The chemical
compositions of the ﬁne- and coarse-grained syenites are nearly the same.
The chemical data of feldspathic pyroxenite, breccia matrixes, syenites and granites
Fig. 3. Major element variations of the syenites and related rocks.
Table ,. Rb-Sr and Sm-Nd isotopic data of the syenites and related rocks.
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from satellite bodies reported by Eriksson (+323) are also plotted on the same diagrams
for comparison. The feldspathic pyroxenite and breccia matrices were collected from
the Guide Copper Mine and Kgopoeloe pipe, respectively (Fig. +). The granites are
the country rock of the Kgopoeloe pipe. Syenites were collected from the Spitskop
pipe. The two syenite samples having lower SiO, contents are from the outer ring
syenite, and the others are from the inner cumulus syenite.
MgO, Na,O, Nb, Rb, Sr, Y, Zr contents of the outer ring syenite di#er from those
of the ﬁne- and coarse-grained syenites, while the chemical compositions excluding Na,O
of the inner cumulus syenite overlap the ranges of the ﬁne- and coarse-grained syenites.
The contents of many elements in the breccia matrices di#er from those of the
melanocratic rocks, having nearly the same SiO, contents. The SiO, content of the
feldspathic pyroxenite is lower than those of the syenite and related rocks in the Spitskop
pipe. The chemical compositions excluding Ba, Rb, Sr, Y of the alkali-feldspar granite
are similar to those of granite.
In a total-alkalis vs. silica diagram (Fig. ++; Wilson, +323), the ﬁne-grained syenite
and coarse-grained syenite are plotted within syenite, nepheline syenite and syenite
ﬁelds, respectively. The melanocratic rock is plotted within syenite and nepheline
syenite ﬁelds. The alkali-feldspar granite is plotted within the alkali granite ﬁeld.
Fig. +*. Trace element variations of the syenites and related rocks.
Symbols are the same as those in Fig. 3.
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/.-. Nd-Sr isotopes
The Rb-Sr whole-rock isochron diagram is shown in Fig. +,. The ﬁne-grained
syenite, coarse-grained syenite, melanocratic rock and alkali-feldspar granite give Rb-Sr
whole-rock isochron ages of ,.30Ma, ,2,.Ma, .3./Ma and +,22Ma with initial Sr
isotope ratios (SrI) of *./20-, *./+3-, *.0013 and *.12-2, respectively. Because the age
Fig. +,. Rb-Sr whole-rock isochron diagram of the syenites and melanocratic rocks.
Symbols are the same as those in Fig. 3.
Fig. ++. Total-alkalis vs silica diagram of the syenites and melanocratic rocks
with classiﬁcation and nomenclature of plutonic rocks of Wilson (+323).
The curved bold line subdivides the alkalic from subalkalic rocks.
Symbols are the same as those in Fig. 3.
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of the alkali-feldspar granite is much younger than the age of dolerite dyke activity and
SrI has very low values for terrestrial rocks and meteorites, they are pseudo-isochrons.
Thus, syenites and related rocks disperse and do not give clear isochrons. However,
syenites (excluding 32*2+/*-) and melanocratic rocks are plotted alongside of a
reference isochron of +3,*Ma.
An Sm-Nd whole-rock isochron diagram is shown in Fig. +-. Syenites and
melanocratic rocks give a Sm-Nd whole-rock isochron age of +01*Ma with a large error
of /+/Ma. This age is younger than the time of dolerite dyke activity, and might be
also a pseudo-isochron.
0. Discussion
Clinopyroxenes in the syenites and related rocks from the Spitskop pipe are
aegirine. This has been already pointed out by Eriksson (+323), but their chemical
compositions were not reported. The Na contents of clinopyroxenes analyzed in this
pipe are much higher than those in the main complex reported by Eriksson (+323).
The syenite and melanocratic rock contain amphibole, which is magnesioriebeckite.
The Ca content of the amphibole in the Spitskop pipe is lower than that (richterite to
winchite) in the main complex reported by Eriksson (+323). It is thought that this is
caused by the di#erence in the formation process, i.e. the former crystallized from
Ca-poor magma, while the latter were products of metasomatism between the country
rock and pyroxenite and carbonatite magmas.
Whole-rock chemical compositions of the ﬁne- and coarse-grained syenites are
nearly the same (Figs. 3, +*). The chemical compositions of the inner cumulus syenite
overlap the range of the ﬁne- and coarse-grained syenites. Chemical compositions of
alkali-feldspars and clinopyroxenes in the ﬁne- and coarse-grained syenites are also
nearly the same. In addition, Fe/Mg ratios of amphiboles increase from the ﬁne-
grained syenite to coarse-grained syenite (Fig. 2). They suggest that the ﬁne- and
Fig. +-. Sm-Nd whole-rock isochron diagram of the syenites and melanocratic rocks.
Symbols are the same as those in Fig. 3.
Syenite of the Phalaborwa Carbonatite Complex 189
coarse-grained syenites are members of the inner cumulus syenite. The high FeO*,
MgO, Na,O and low Al,O- contents of the melanocratic rocks are the results of the high
clinopyroxene and amphibole contents (Fig. 1). The low K,O contents of those rocks
are due to the low alkali-feldspar contents. The chemical compositions of the
clinopyroxenes and alkali-feldspars in the melanocratic rock are similar to those in the
ﬁne- and coarse-grained syenites. The Fe/Mg ratios of amphiboles in the melanocratic
rock are lower than those in the ﬁne-grained syenite, and those in the coarse-grained
syenite are the highest (Fig. 2). Whole-rock chemical compositions of the
melanocratic rocks are di#erent from those of pyroxenites in the main complex and
satellites bodies reported by Eriksson (+323). They suggest that the melanocratic rocks
are early maﬁc mineral accumulation facies of the inner cumulus syenite. The wide
variation of Fe/Mg ratio of the coarse-grained syenite (Fig. 2) suggests chemical
di#erentiation of magma. The alkali-feldspar granite might be a country rock, because
chemical compositions of them are similar to granites, which are the country rock of the
Kgopoeloe pipe. According to Eriksson (+323), chemical compositions of the outer
ring syenite and the inner cumulus syenite in the Spitskop pipe can be modeled by
crystallizing aegirine, feldspar and apatite. However, it is necessary to incorporate an
amphibole component into the calculations.
Syenites and related rocks do not indicate any clear isochron (Figs. ++, +,). The
lack of a clear isochron might be caused by mixing of various rocks made up of syenite,
melanocratic rock, pyroxenite and host rocks consisting of biotite gneiss and granitic
rocks at the brecciation stage. The arrangements of the melanocratic rocks and
syenites are steeper than the reference isochron of +3,*Ma. They suggest a possibility
that the syenites and melanocratic rocks were inﬂuenced by materials having high 21Sr/
20Sr and 21Rb/ 20Sr ratios. Most of the syenites and melanocratic rocks, which were
produced from the same magma, are plotted alongside the reference isochron of +3,*
Ma. Because this age is sandwiched between the U-Pb ages of ca. ,*/*Ma from the
main complex and +3**Ma of the dolerite dykes, there is a possibility that the Spitskop
pipe was formed at this age. The age of the syenites, both in the main complex and as
satellites, is less certain. Palaeomagnetic data indicate a duration of magmatism up to
,**Ma (Briden, +310; Morgan and Briden, +32+). One syenite pipe has a pole position
identical to the ,*.1Ma clinopyroxenite of the main complex, whereas a syenite
adjacent to the northern periphery of the main complex has a pole position similar to
that of some large dolerite dykes which cut the complex, considered to be the Mashona-
land dolerites dated at +3/*Ma (Eriksson, +323). For detailed discussion of the
crystallization age of this syenite pipe, it is necessary to determine mineral ages.
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